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Structure and function of kidney water channels. There is now firm
evidence that water transporting proteins are expressed in renal and
extrarenal tissues. In the kidney, proximal-type (CHIP28) and collecting
duct (WCH-CD) water channels have been identified. We have cloned
three kidney cDNAs with homology to the water channel (aquaporin)
family, including a mercurial-insensitive water channel (MIWC), and a
glycerol-transporting protein (GLIP) in collecting duct basolateral mem-
brane. To elucidate water transporting mechanisms, a series of molecular
and spectroscopic studies were carried Out on purified CHIP28 protein
and expressed chimeric and mutated CHIP28 cDNAs. The results indicate
that CHIP28 transports water selectively, that CHIP28 monomers are
assembled in membranes as tetramers, but that individual monomers
function independently. Monomers contain multiple membrane-spanning
helical domains. Based on these data and recent electron crystallography
results, a model for water transport is proposed in which water moves
through narrow pores located within individual CHIP28 monomers.
In 1877, in a monograph entitled, "Osmotische Untersuchungen"
("Osmotic Investigations"), Dr. W. Pfeffer proposed that certain
cell membranes contain ". . . capillary pores as well as narrower
spaces.... with the passage of water through membrane parti-
cles" [1]. Progress toward identification of the "membrane parti-
cles" proceeded slowly over the next century. Much of the work
from 1960 to 1990 involved the phenomonenological character-
ization of water transport rates in various tissues, including the
identification of the vasopressin-regulated water transporting
pathway in kidney collecting duct and amphibian urinary bladder.
With the discovery by Preston et al in 1992 [2] that CHIP28
functioned as a water channel, the water transport field took a
major step forward toward understanding the structure, function,
and physiology of water channels. There are several recent
reviews [3—8, 59], as well as a monograph [9] documenting the
historical development and recent progress in the water transport
field.
The topic of this brief review is the identification, structure and
function of kidney water transporters. Since this special issue of
Kidney International also contains reviews on water transport by P.
Agre, S. Sasaki and coworkers, the emphasis here will be on
recent work from our laboratory on the cloning of new members
of the water channel family and studies of the CHIP28 water
channel structure.
Physiological role of water channels
Water movement across cell membranes occurs passively in
response to osmotic gradients that are produced by primary and
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secondary active transport of ions and neutral solutes. Most cell
membranes probably have adequate water permeability through
membrane lipids to support volume regulation and other house-
keeping functions. Certain cell plasma membranes, such as those
in secretory and absorptive epithelial and endothelial cells, re-
quire a high or a regulated water permeability to facilitate the
vectorial transport of fluids across cell layers, often in response to
very small osmotic gradients. There is now strong evidence that a
family of specific water channel proteins facilitate transcellular
water movement in a variety of renal and extrarenal tissues in
mammals.
There is a well-established need for axial heterogeneity in water
permeability along the mammalian nephron. High water perme-
ability in proximal tubule is required for the near-isosmotic
reabsorption of the majority of glomerular filtrate. The renal
concentrating mechanism relies on very high water permeability in
the thin descending limb of Henle, very low water permeability in
the ascending limb of Henle, and vasopressin-regulated water
permeability in the collecting duct. Water permeability in proxi-
mal tubule and thin descending limb of Henle is constitutively
high and probably not subject to physiological regulation. Water
permeability in collecting duct is regulated by the vasopressin-
induced trafficking of vesicles containing functional water chan-
nels between an intracellular compartment and the apical plasma
membrane [4, 6, 8—10]; the basolateral membrane of collecting
duct is believed to be constitutively water permeable. In addition,
the endothelium in vasa recta should have high water permeability
if water movement between the medullary interstitium and the
vascular space occurs by a transcellular route.
Vectorial fluid transport is also of physiological importance in
extrarenal tissues. These include tissues that secrete fluid into and
absorb fluid from closed compartments, such as the cerebrospinal
space and aqueous humor in the anterior chamber of eye, and
open compartments, such as secretory and absorptive epithelia in
the respiratory and gastrointestinal systems, sweat gland and other
organs. Absolute water permeability values are not available
because the precise osmotic driving forces, water flows, and
geometries of these extrarenal fluid transporting systems have not
been established.
Because the mucous secretions in lungs of cystic fibrosis
patients have abnormal water content, we were interested in the
route and mechanism of water movement between the alveolar
airspace and capillary compartments in the intact lung. Osmotic
water movement was measured in the in situ perfused sheep lung
in response to an imposed osmotic gradient [11]. Lungs were
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perfused continuously with an isosmotic dilute blood solution.
Hypertonic fluid (900 mOsm) was instilled bronchoscopically into
the airspaces, and the time course of water movement from
capillary to airspace was followed from the dilution of instilled
radiolabeled-albumin and from the osmolality of airspace fluid
samples. In control lungs, osmotically-induced water movement
was rapid (equilibration half-time —45 seconds) and had an
apparent water permeability similar to that in erythrocytes. Water
permeability in the contralateral lung was inhibited reversibly by
—70% by HgC12. These results indicated that mercurial-sensitive
water channels participated in the transcellular movement of
water between the airspace and capillary compartments in
lung. High water permeability in lung is probably important for
airspace fluid replacement to offset insensible respiratory losses
and for reabsorption of fluid in alveolar edema and in the
neonatal lung. Recently, water permeability has been measured in
isolated microperfused airways and shown to be high and weakly
temperature dependent [60].
Identification of new members of the water channel family
expressed in kidney
As described above, physiological considerations suggest that
functional water channels should be present in plasma mem-
branes from a wide variety of epithelial and endothelial cells.
Tissue localization studies of the CHIP28 water channel (see
below) indicated that many fluid transporting cell plasma mem-
branes did not express CHIP28 [12—15], such as those in various
organs of the gastrointestinal tract, and the contralateral mem-
branes of cells which did express CHIP28, such as the apical
membrane of the choroid plexus epithelium. The high water
permeability in non-CHIP28 expressing membranes may be due
in principle to an unusually high lipid-mediated water permeabil-
ity, the movement of water through other membrane proteins that
do not function specifically as water channels, the presence of
other CHIP28-like water transporters, or the presence of water
transporting proteins unrelated to CHIP28.
Based on water permeability measurements in simple lipid
membranes, it is unlikely that lipids alone could account for the
very high water permeability in many epithelial cell plasma
membranes. The possibility that other membrane proteins having
unrelated functions, such as the glucose transporter and anion
exchanger, can serve as water channels had been proposed.
Although the glucose transporter does transport some water when
overexpressed in Xenopus oocytes [16], the amount of water
carried by the glucose transporter is probably not of quantitative
significance in the intact cell membrane [17, 181. The cystic
fibrosis transmembrane conductance regulator protein (CFTR)
has also been shown to function as a water channel that is
stimulated by cAMP and inhibited by a chloride channel blocker
[19]; however, CFTR does not constitute a physiologically impor-
tant route for water movement because of its low plasma mem-
brane density. The band 3 anion exchanger has been shown
neither to function as a water transporter nor be required for
water transport to occur [1 7J. As described below, recent evidence
suggests that other members of the MIP protein family can
account for the high water permeability in a number of mamma-
han fluid-transporting tissues, although the presence of water
transporters with a novel structure cannot be excluded.
By homology cloning, Fushimi et al [20] obtained a cDNA
(WCH-CD, or AQP-2) whose protein product was expressed
selectively in the apical plasma membrane of kidney collecting
duct. As detailed in a separate review in this issue by the
Sasaki/Marumo group, the WCH-CD water channel was mercu-
rial-sensitive, expressed only in the kidney, and strongly up-
regulated by dehydration. Studies of WCH-CD expression by
immunostaining at the light [20, 211 and electron microscopy level
[21] and in situ hybridization [22] indicated selective expression in
kidney collecting duct apical or sub-apical membrane. The recent
report by Deen et al [23] that a patient with nephrogenic diabetes
insipidus had point mutations in both genes encoding WCH-CD
provides strong evidence that WCH-CD is a vasopressin-sensitive
water channel involved in the urinary concentrating mechanism.
Our strategy to identify novel mammalian water channels has
been to identify cDNAs which contained the conserved NPA
amino acid motifs in MIP family members [24, 25]. Figure 1
provides an amino acid alignment of water channels CHIP28 and
WCH-CD, together with three cDNAs cloned recently in our
laboratory (see below). The conserved amino acids are boxed. To
obtain the new cDNAs, degenerate oligonucleotide primers de-
signed against the conserved motifs were used to amplify cDNA
from various tissues by polymerase chain reaction (PCR). PCR
products with approximately the same size as those in M1P26 and
homologous proteins (300 to 450 bp) were sequenced. Sequences
with homology to MIP proteins were then used to probe cDNA
libraries to obtain full length cDNA clones.
Mercurial-insensitive water channel (MIWC)
To identify a lung water channel responsible for the high
transcellular water permeability in the airways and alveoli, the
PCR cloning strategy was applied in rat lung. The PCR amplifi-
cation recovered a sequence identical to CHIP28 and a second
sequence with 45% nucleotide identity to the region of CHIP28
between the conserved NPA motifs. A clone with 1.2 kb insert
(MIWC) was obtained from a rat lung cDNA library which
encoded a 301 amino acid protein with a predicted molecular size
of —32 kD [26]. There was approximately 40% amino acid
sequence identity to the CHIP28 and WCH-CD water channels.
Interestingly, MIWC had 51% amino acid identity to part of the
Drosophilia big brain protein (BiB), raising the possibility that
BiB functions as an insect water channel.
Functional analysis in Xenopus oocytes injected with tran-
scribed cRNA encoding MIWC indicated that MIWC functioned
as a water channel. After injection of equivalent amounts of
cRNA, oocytes expressing MIWC had higher water permeability
than those expressing CHIP28 (Fig. 2A). Surprisingly, unlike
results for CHIP28 and WCH-CD, water permeability in MIWC-
expressing oocytes was only slightly inhibited by HgCl2 (Fig. 2B).
The insensitivity of MIWC to HgCI2 is consistent with the
presence of alanine instead of cysteine at the position three amino
acids upstream from the second NPA box, which has been shown
to be the site of HgC12 action in CHIP28 [27, 28]. Therefore
inhibition by mercurials is not a conserved feature of cellular
water channels.
The MIWC protein had several other novel features. The rat
lung cDNA library screen produced a second positive clone
having an identical sequence to MIWC, except for a 165-hp
deletion in the coding sequence which corresponds to exon 2 of
MIWC. PCR of tissue cDNAs using MIWC-specific primers to
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Fig. 1. Amino acid sequence alignment of MIP
family members that are expressed in rat kidney,
including CHIP28A WCH-CD, MIWC, GLIP,
and WCH3. Sequences were taken from [20, 26,
29, 30, 361. The boxes indicate conserved amino
acids.
intensities were tissue-specific. In brain, eye, lung, and kidney,
there was an intense band at —0.9 kb, corresponding to the
full-length MIWC coding sequence, and a weaker band at
—-0.7 kb, corresponding to the spliced form of MIWC. In salivary
gland and liver, the spliced form of MIWC, which does not
function as a water channel (Fig. 2A), was primarily expressed.
The mRNA size for MIWC was 5.5 kb by Northern blot analysis
Another unusual feature of MIWC was its tissue distribution. In
situ hybridization in rat brain indicated that mRNA encoding
MIWC was not expressed in choroid plexus, where CHIP28 is
expressed intensely (Fig. 3d) [9, 13, 14], but rather in cells lining
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amplify the coding sequence produced two bands whose relative of kidney and lung mRNA. The expression of mRNA encoding a
spliced protein has not been observed in other members of the
MIP protein family, including water channels CHIP28 and WCH-
CD.
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Fig. 2. Functional expression of water channels
in Xenopus oocytes. Curves represent the time
course of swelling in response to immersion of
oocytes in hypotonic buffer at 10°C. A. Water
permeability was high in oocytes expressing
CHIP28 and MIWC proteins, but not increased
in oocytes expressing GLIP and the spliced
form of MIWC, sMIWC. B. In response to
addition of 0.3 mM HgCI2 during oocyte
swelling, water permeability was strongly
inhibited in oocytes expressing CHIP28,
inhibited little in oocytes expressing MIWC or
the C189S mutant of CHIP28, and partially
inhibited in oocytes expressing a CHIP28-C189S
heterodimer.
the ventricles and subarachnoid space (Figs. 3 e, f). These results
suggest that MIWC is involved in the reabsorption of cerebrospi-
nal fluid, whereas CHIP28 is involved in the secretion process. In
kidney, MIWC was expressed most strongly in the inner medulla
in a tubule-like distribution (Fig. 3c) that was distinct from the
pattern for CHIP28 (Fig. 3a) and WCH-CD (Fig. 3b). Recently,
immunolocalization studies were carried out in rat tissues using an
immunopurified polyclonal antibody raised against the C-termi-
nus of MIWC. MIWC protein was expressed strongly at the
basolateral membrane in several epithelia, including [61, 62]:
principal cells in kidney collecting duct, colonic villus cells,
trachea and bronchi, gastric parietal cells, lacrimal gland and
salivary gland. In addition, MIWC was expressed in ciliary body,
nuclear layer of retina, astroglial cells in brain and spinal cord,
and skeletal myocytes. These results suggest the involvement of
MIWC in the urinary concentrating mechanism, airway-to-capil-
lary fluid movement and glandular secretion.
Analysis of MIWC biogenesis and topology indicated that
MIWC spans the membrane 6 times with its N- and C-termini in
the cytosol [631. A human mercurial insensitive water channel has
been cloned recently in which 30 and 32 kDa proteins are encoded
by mRNAs produced by alternative splicing of a gene containing
2 distinct transcriptional units [641. MIWC was present as a single
copy gene at chromosome 18q22.
Collecting duct glycerol transporter (GLIP)
A similar PCR cloning strategy was applied in rat kidney. PCR
products corresponding to CHIP28, WCH-CD, and MIWC were
recovered as well as three new cDNAs with 25 to 40% nucleic acid
sequence identity to the water channels. A positive clone with 1.9
kb insert was obtained from a rat kidney eDNA library screened
at high stringency with the eDNA probe [29]. The longest open
reading frame encoded a 30.5 kD protein which contained one
consensus site for N-linked glycosylation. Northern blot analysis
and PCR-Southern blot analysis indicated a wide tissue distribu-
tion with expression in brain, kidney, lung, skeletal muscle, colon,
stomach and eye, but not in heart, liver and small intestine. The
mRNA size was approximately 5.5 kb and a single form was
expressed without evidence of splicing. In situ hybridization in rat
kidney indicated selective expression in collecting duct, greatest in
the outer medulla. Immunostaining with a polyclonal antibody
raised against a C-terminus peptide showed selective protein
expression in the basolateral membrane of collecting duct princi-
pie cells (Fig. 3 g, h). In brain, there was selective localization to
ependymal cells lining the ventricles and the brain surface.
Additional immunoloealization studies showed membrane cob-
calization of GLIP with MIWC in kidney, trachea and colon [61].
GLIP protein was expressed without MIWC in urinary bladder
transitional epithelium, epidermis and conjuctiva [62].
Functional studies were carried out in Xenopus oocytes micro-
injected with cRNA encoding GLIP. Osmotic water permeability
in the GLIP-expressing oocytes was increased little compared with
that in water-injected control oocytes (Fig. 2A), whereas parallel
measurements in oocytes expressing CHIP28 and MIWC showed
a >10-fold increase in water permeability. In addition, GLIP-
expressing oocytes did not have increased permeability to urea,
inositol, glucose, lactate, and ions. Analysis of the GLIP amino
acid sequence indicated —20% identity to the mammalian water
channels, but greatest homology (---30%) to the bacterial glycerol
facilitator G1pF. It was found that the uptake of 3H-glycerol was
stimulated by >20-fold in the GLIP-expressing oocytes and that
the increased glycerol uptake was inhibited by the stilbene DIDS
with a Kd of -—20 xM. Additional studies indicated that the GLIP
glycerol transporter was distinct from a Cu-inhibitable glycerol
transporter found in erythrocytes. The wide tissue distribution
and specific expression of GLIP suggests an important physiolog-
ical role in membrane transport, however the major transported
substrate identified thus far is glycerol. GLIP represents the first
mammalian water channel homologue that transports a solute
other than water. The Sasaki group has also cloned the same
protein (AQP-3 [65]) and reported both glycerol and water
transport function when expressed in Xenopus oocytes.
WCH-3
An additional homologous cDNA (WCH-3) was obtained from
a rat kidney eDNA library screened with the second probe
produced by PCR amplification of rat kidney eDNA using degen-
erate primers [301. A transcript of 2.5 kb by Northern blot
encoded a 276 amino acid protein with 30 to 40% amino acid
identity to CHIP28 and WCH-CD. The mRNA encoding WCH-3
was expressed exclusively in kidney and was up-regulated in
dehydrated rats. Analysis of WCH-3 sequence indicated one
N-linked glycosylation site, two conserved NPA motifs, and
conserved residue C189. Cell-free translation studies indicated
that WCH-3 did not undergo glycosylation. Analysis of WCH-3
function in Xenopus ooeytes was unsuccessful because relatively
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Fig. 3. Tissue localization of MIP family
members by in situ hybridization and
immunostaining. a.-c. In situ hybridization of
coronal sections of rat kidney using antisense
cRNA probes for CHIP28 k (a), WCH-CD (b)
and MIWC (c). Bright granules indicate
regions of positive hybridization in this low
magnification darkfield micrograph. OM - outer
medulla, TM - inner medulla. d. and e. In situ
hybridization of rat brain with CHIP28 (d) and
MTWC (e) probes showing choroid plexus (CP),
ventricular space (Vnt) and surrounding brain
mater (Bm). f. Brightfield micrograph for in situ
hybridization of MIWC in rat brain showing
meninges (Men) and subarachnoid space(SAS). Dark granules indicate areas of positive
hybridization. g. and h. Immunostaining of rat
kidney outer medulla with anti-GLIP antibody
at low magnification (g) and high magnification
with confocal optics (h). TL - tubule lumen.
The basolateral membrane of collecting duct
principal cells was stained selectively.
little protein was made as demonstrated by immunoprecipitation
studies. The function of WCH-3 in kidney remains unclear,
however, its up-regulation in dehydration suggests a role in the
urinary concentrating mechanism.
BLIP: A putative MIP family member in collecting duct
basolateral membrane
Figure 4A shows immunostaining of rat renal papilla by a
peptide-derived antibody against WCH-CD, showing localization
to the apical region of collecting duct principal cells. Intercalated
cells are unstained, supporting the idea that they are not involved
in transepithelial water movement [31]. CHIP28 is present in both
apical and basolateral plasma membranes of thin descending
limbs of Henle (Fig. 4B), and some vasa recta profiles are also
stained heavily, probably corresponding to descending vasa recta.
A novel antiserum, named anti-BLIP (basolateral integral mem-
brane protein), from a rabbit immunized with purified human
erythrocyte CHIP28 gave the usual CHIP28 pattern of staining
but, in addition, labeled the basolateral membrane of collecting
duct principal cells (Fig. 4C). This antiserum also labeled the
basolateral plasma membrane of gastric parietal cells and me-
sothelial cells of the toad urinary bladder, membranes that do not
contain CHIP28 [32]. In stomach, a 28 kD protein that does not
cross-react with other anti-CHIP28 antibodies was immunopre-
cipitated with anti-BLIP antibodies, indicating that this may be a
new member of the MIP family. Additional evidence that the
principal cell basolateral plasma membrane contains a CHIP-like
protein was provided using a second antiserum that was raised
against rabbit skeletal muscle sarcolemmal vesicles [331. These
vesicles are enriched in orthogonal arrays of particles (OAP),
which are detectable by freeze-fracture electron microscopy. The
anti-OAP antiserum stained only the basolateral plasma mem-
brane of principal cells (Fig. 4D), which also contained many
OAPs by freeze fracture electron microscopy [34j. In addition, the
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Fig. 4. Localization of water channels and related proteins by indirect imniunofluorescence on ctyostat sections of rat renal papilla. A. Anti-WCH-CD
antibodies: using an polyclonal antibody against a C-terminal peptide, WCH-CD is detected exclusively in collecting duct principal cells at or near the
apical membrane and in subapical vesiclcs. Intercalated cells (arrows) arc not stained. B. Anti-CHIP2S antibodies: staining reveals CHIP28 in epithelial
cells of the thin descending limb of Henle, but not in collecting ducts (CD). Some small vasa recta profiles (arrows) arc also stained. C. Anti-BLIP
antibodies: the anti-BLIP antiserum stains not only thin descending limb of Henle (due to its reactivity with CHIP2S), but also the basolateral plasma
membrane of collecting duct principal cells (arrows). D. Anti-GAP antibodies: an antiserum raiscd in guinea pig against isolated rabbit sarcolcmmal
vesicles that arc enriched in "orthogonal arrays" of intramembranc particles labels exclusively the basolateral plasma membranes of collecting duct (CD)
principal cells. Bar = 20 zm.
antiserum immunoprecipitated a 28 kD protein from the renal
papilla that did not cross-react with anti-CHIP28 or anti-BLIP
antibodies. Whether these two antisera (anti-BLIP and anti-OAP)
recognize the same or distinct proteins in the basolateral mem-
brane of principal cells is at present under investigation. Cloning
and expression will be required to determine whether these
proteins function as water channels.
Distribution of MIP family members in mammals
Figure 5 summarizes the tissue distribution of mammalian MIP
family members. The MIP protein is expressed only in mamma-
han lens fiber. Although orthogonal arrays with similar appear-
ance to those formed by MIP in lens have been observed in
multiple tissues, they appear to be immunocytochemically distinct
from MIP [33]. The tissue distribution of CHIP28 has been
studied extensively by immunocytochemistry and in situ hybridiza-
tion [12—iS, 35—37]. It is widely expressed in selected epithelial
and endothehial cells in fluid-transporting tissues. The WCH-CD
water channel [20—22] and clone WCH-3 [30] are expressed only
in kidney. MIWC [26] and GLIP [29] have relatively wide tissue
distributions. Based on the various functions that have been
ascribed to MIP family members and to the multiplicity of
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homologous cDNAs that we have seen by the degenerate PCR
amplification approach using cDNAs from various tissues, it is
likely that additional MIP family members will be identified which
have important roles as membrane transporters in mammalian
tissues.
Function of water channels
The Xenopus oocyte has been utilized as an expression system
for functional analysis of cloned water channel proteins. The first
demonstration that functional mercurial-sensitive water channels
could be expressed was performed by injection of heterologous
mRNA from various tissues into Xenopus oocytes [38]. Water
permeability was measured by a real-time swelling assay in
response to dilution of the extracellular media with distilled water
[39]. Preston et al [2] reported first that CHIP28 formed water
channels in Xenopus oocytes. Similar results were obtained with a
cloned rat form of CHIP28 (CHIP28k [361). The water channel
formed by CHIP28 was inhibited by HgCI2 and had a low
Arrhenius activation energy, similar to results obtained in native
erythrocyte and kidney tissues. Two-electrode voltage clamp
studies indicated that CHIP28 did not transport ions.
Functional reconstitution of purified CHIP28 in proteolipo-
somes provided direct evidence that CHIP28 was the erythrocyte
water channel [36, 40—43]. Detergent-solubilized CHIP28 was
reconstituted into liposomes and osmotic water permeability was
measured by a stop-flow light scattering technique. Compared to
control liposomes not containing protein, the CHIP28-containing
proteoliposomes had a >50-fold increase in the rate of shrinking
in response to an osmotic gradient (Fig. 6B). The increased water
permeability was inhibited reversibly by HgC12 and had a low
activation energy. Studies of urea and proton permeabilities
indicated that the CHIP28 water channels were selective for the
passage of water. Based on the measured single channel water
permeability of 10_13 cm3/s at 37°C [40] and on equations
describing single file pasage of water through a right cylindrical
channel, a "pore" diameter of 0.22 nm was estimated [36]. The
ability of CHIP28 to exclude small ions and solutes may be due to
a combination of steric hindrance and specific interaction of
solutes with the channel interior. Physiologically, the high speci-
ficity of CHIP28 for water is probably important because of the
high density of CHIP28 present in water-permeable membranes.
Even a very low permeability of CHIP28 to small solutes would
ciliary body CHIP
epithelium MIWC
alveolus
airways
CHIP
MIWC
CHIP
MIWC
GLIP
CHIP endothelia
coil duct
coil duct
coil duct
WCH-CD
MIWC
GLIP
CHIP crypt epithelium
MIWC villus epithelium
GLIP villus epithelium
MIWC myocytes
CHIP
Fig. 5. Tisssue distribution of MIP family members in mammals. The data shown represent composite information from refs. 12 to 15, 36, 37, and 58.
An updated summary of the distribution of MIP homologs in mammals is given in refs. 59 and 62.
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Fig. 6. Function and morphology of purified CHIP2S in reconstituted
proteoliposomes. A. SDS-PAGE showing of purified human exythroeyte
CHJP2S before (left) and after (right) enzymatic deglycosylated with
PNAase F. Bands represent non-glycosylated CHIP28 at 28 kD and
glycnsylated CHIP28 at 45 to 65 kD. The thin band at the right is PNGase
F protein. B. Stop-flow light scattering measurement of water permeability
in (protein-free) liposomes, and proteoliposomes reconstituted with na-
tive and deglycosylated CHIP28. Time course of liposome shrinkage is
shown at 10°C in response to an inward osmotic gradient. C. Rotary
shadowed freeze-fracture cleeton micrograph of intramcmbrane particles
of CHIP28 in reconstituted proteoliposomes showing a tetrameric ar-
rangement of subunits.
result in a very high solute high leakage rate which would be
deleterious to cell function. The MIWC and WCH-CD water
channels also appear to be water selective when expressed in
Xenopus oocytes, although studies in proteoliposomes reconsti-
tuted with purified protein have not been performed.
Recently, a procedure was developed to isolate deglyeosylated
CHIP28 from erythrocytes based on phenylboronie acid chroma-
tography and PNGase F digestion (Fig. 6A [44]). In octyl-f3-D-
glueoside, native CHIP28 formed heterodimers containing one
glycosylated and one non-glycosylated monomer, whereas degly-
cosylated CHIP28 was monomeric as shown by analytical high
performance size exclusion chromatography. The N-linked sugar
on CHIP28 at residue N42 [36] did not affect water channel
function, as shown by site directed mutagenesis (N42T mutant,
[28]) and reconstitution (Fig. 6B), nor structure, as shown by
circular diehroism and freeze-fracture electron microscopy [44].
The other water channel proteins are not easily isolated from
native tissue sources; however, recent progress has been made in
water channel expression using baeulovirus-infected Sf9 insect
cells [68].
Functional measurements were also carried out on a CHO cell
line that was stably transfected with CHIP28 [45]. Clonal cell
populations with the greatest expression levels produced —8 x
106 copies of CHIP28 per cell. Plasma membrane osmotic water
permeability measured by stop-flow light scattering in freshly
suspended whole cells was —threefold increased in CHIP28-
expressing cells compared with control (vector-transfeeted) cells.
The increased water permeability was inhibited by HgCl2 and was
weakly temperature dependent. CHIP28 expression did not in-
crease the transport of protons or small polar solutes including
urea and formamide. The transfected cells were fractionated by
sucrose gradient centrifugation to analyze the function and glyco-
sylation pattern of CHIP28 in various subeellular compartments.
In endosomes labeled by 6-carboxyfluorescein and studied by a
stop-flow fluorescence quenching technique [46], water perme-
ability was increased by> fivefold compared to that in endosomes
from control cells. Immunoblotting of fractionated endoplasmie
reticulum, Golgi, and plasma membrane fractions revealed the
mature glyeosylation pattern in Golgi and plasma membranes, but
little glycosylation in the endoplasmic reticulum. Water perme-
ability measurements in Golgi and plasma membranes showed a
>10-fold increase compared to the corresponding fractions from
control cells. Water permeability in endoplasmie reticulum was
not different from that in the control cells. These studies sup-
ported the conclusion that CHIP28 is a selective water channel
and provided the first stably transfected somatic cell line for
analysis of water channel biogenesis and cellular trafficking.
Recently, an LLC-PK1 transfected cell model was developed for
study of water channel biology [66]. Interestingly, cells transfected
with CHIP28 had a plasma membrane staining pattern and were
constitutively water permeable, whereas cells transfected with
WCH-CD had an intracellular vesiele pattern of staining before
forskolin, and a plasma membrane staining pattern after forskolin.
Structure of the CHIP28 water channel
CJ-11P28 forms tetramers in membranes
Hydropathy analysis indicated that CHIP28 is a very hydropho-
bic protein [47] with up to seven potential membrane spanning
hydrophobic regions (HR1-HR7, Fig. 7A). Initial evidence that
liposomes
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CHIP28 forms oligomers in detergent solution was obtained by
cross-linking and sedimentation studies [481. Freeze-fracture elec-
tron microscopy data of Verbavatz et al [49] demonstrated
directly that CHIP28 formed tetramers in both native membranes
and reconstituted proteoliposomes. By rotary shadowing, in-
tramembrane particle aggregates were observed with a mean
diameter of 8.5 nm (Fig. 6C). The intramembrane particles
consisted of a distinct arrangement of four smaller subunits
surrounding a central depression. These characteristic particles
were observed in proteoliposomes containing purified CHIP28,
CHIP28-expressing transfected CHO cells, and plasma mem-
branes from proximal tubule and thin descending limb of Henle.
Assuming that each CHIP28 monomer is a right cylinder of length
5 nm, the monomer diameter would be 3.2 nm; a symmetrical
arrangement of four such cylinders would have a greatest diam-
eter of 7.2 nm, which after addition of the thickness of the
platinum deposit in the shadowing procedure (1 to 1.5 nm), is
similar the measured value of 8.5 nm. Similar freeze-fracture
studies on enzymatically deglycosylated CHIP28 showed the
formation of tetramers in membranes, indicating that glycosyla-
tion was not important for the tetrameric association.
Recently, Walz et al [50] and Mitra et al [51] showed that
CHIP28 was assembled as tetramers in crystalline membrane
arrays obtained by reconstitution at high protein-to-lipid ratios.
Transmission electron micrographs of sections stained with uranyl
formate were analyzed by Fourier transform techniques. In the
Mitra et al study, a 12 Angstrom resolution reconstruction showed
a tetragonal lattice (a = b = 99.2 Angstroms) with p4g plane
symmetry. Each unit cell contained four CHIP28 dimers, each
composed of two oblong-shaped monomers (36 x 23 Angstroms)
in opposite orientations. The CHIP28 tetramers did not contain a
central stain-filled depression, suggesting that water moves
through rather than in the potential central space formed by the
four CHIP28 monomers. Recently cryo-electron crystallography
studies were carried out on frozen-hydrated crystals of CHIP28 in
the absence of stain or glucose [67]. A 6-A reconstruction (Fig.
7D, left) showed 6 densities suggestive of a-helical domains in
each monomer surrounding a central region that may represent
the entrance to the water pore.
CHIP28 monomers function independently
Although CHIP28 forms tetramers in membranes, several lines
of evidence initially suggested that CHIP28 monomers function
independently. Radiation inactivation studies in native kidney
vesicles performed prior to the discovery of CHIP28 showed a 30
kD target size for the functional unit of osmotic water permeabil-
ity [52]. Although the simplest interpretation of this result was
that the size of the functional CHJP28 subunit is 30 kD, it is also
plausible that the CHIP28 tetramer is the functional unit if
CHIP28 monomers that are damaged by radiation are unable to
associate into tetramers [53]. A second line of evidence comes
from coinjection of Xenopus oocytes with cRNA encoding wild-
type CHIP28 and mutated CHIP28 monomers that are either
nonfunctional (C189W) or functional but not mercurial-inhibit-
able (C189S). Although the wild-type and mutant monomers
appeared not to interact [27, 28], it was not possible to rule out the
formation of homotetramers consisting of all wild-type and all
mutant monomers.
To examine the functional unit size of CHIP28, chimeric cDNA
dimers were constructed which contained wild-type CHIP28 in
series with either the C189W or C189S mutants [51. Transcribed
cRNAs were injected in Xenopus oocytes and plasma membrane
expression was assayed by quantitative immunofluorescence. Oo-
cyte water permeability was proportional to the number of
CHIP28 monomeric units expressed at the plasma membrane,
independent of the expression of nonfunctional C189W units. In
addition, mercurial inhibition of water permeability in oocytes
expressing the CHIP28-C189S dimer was intermediate between
that in CHIP28-expressing oocytes and C189S-expressing oocytes
(Fig. 2B). The results indicated that despite their assembly into
tetramers, monomeric CHIP28 subunits function independently
as water channels.
Secondary structure and topology of CHIP28
The structure of a protein water channel can consist of multiple
membrane-spanning a-helices, a /3-barrel, or mixed a, /3 motifs.
To determine CHIP28 secondary structure content, circular di-
chroism and Fourier transform infrared spectroscopy measure-
ments were carried out on highly purified CHIP28 in detergent
solution and in liposomes [42]. The independent spectroscopic
methods gave 40 to 45% a-helical content and a similar percent-
age of /3-structure. These results were consistent with the possi-
bility that CHIP28 contained multiple membrane-spanning helical
regions, however the significant /3-structural content raised the
possibility that some extramembrane and/or transmembrane do-
mains contain /3-structure. Numerical analysis of structure by a
generalized hydropathy approach supported the presence of
significant amphipathic a and /3 structural content and assigned
putative secondary structure to specific regions of CHIP28. A
separate study of CHIP28 intrinsic tryptophan fluorescence indi-
cated that all four tryptophans in CHIP28 were located in a
non-polar environment within the confines of the bilayer [55].
Several studies have attempted to determine CHIP28 trans-
membrane topology and to identify which amino acid regions span
the membrane. A study from our laboratory employed several
complementary methodologies to investigate both the transmem-
brane topology and mechanism of biogenesis at the endoplasmic
reticulum (ER) membrane [56]. Transmembrane topology of
CHIP28 was determined in whole cells by engineering a reporter
of translocation into nine sequential sites in the CHIP28 coding
region and by cell free translation of truncated CHIP28 cDNAs.
Surprisingly, results from both cell free and whole cell systems
indicated that CHIP28 spanned the endoplasmic reticulum mem-
brane only four times. Two putative transmembrane helices, HR2
and HR5, were found to reside on the lumenal and cytosolic
surfaces of the ER membrane, respectively (Fig. 7B, left). Further
support for this model was provided by identifying and character-
izing signal sequences which initiate chain translocation into the
ER lumen and stop transfer sequences which terminate translo-
cation, thus defining specific membrane-spanning helices. From
these results it was proposed that the first signal sequence of
CHIP28 (residues 1 to 52) targets the nascent chain-ribosome-
complex to the ER membrane, initiates chain translocation, and
spans the membrane with its NH2 terminus in the cytosol (C-trans
or Type 1 topology). Translocation is subsequently terminated by
a stop transfer sequence within HR4 (possibly together with HR3)
which forms the second membrane spanning helix. A second
internal signal sequence (residues 155 to 186) reinitiates translo-
cation and forms the third membrane spanning helix. Stop
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Fig. 7. Topolo and proposed water transport route through CHIP28 water channel. A. Kyte-Doolittle hydropathy plot of CHIP28 showing seven
hydrophobic regions (HRs) that are potential membrane-spanning domains. B. Proposed transmembrane topologies of CHIP28 with 4 (left) or 6 (right)
principle membrane-spanning domains with the N- and C-termini in a cytosolic orientation. The location of the N-linked glycosylation site (N42) is
shown. C. Possible routes of water transport through individual CHIP28 monomers. A narrow aqueous pathway is depicted in the polar region at the
center of helical domains (left) or between helical and /3-sheet domains (right). Top and front views are shown. D. Two-dimensional map of CHIP28
structure at 6 Angstrom resolution (left) obtained by analysis of crystalline membrane patches [67]. Densities (solid lines) correspond to CHIP28
protein. A cartoon (right) showing water movement through individual CHIP28 monomers which are assembled as tetramers in membranes. See text
for details.
transfer activity of HR7 terminates translocation and establishes
the fourth and final membrane spanning helix.
Based on hydropathy "wheel" analysis [56], one possible model
for the aqueous pathway through CHIP28 is shown in Fig. 7C
(left), where water moves through a space formed by the polar
surfaces of 4 or more amphipathic helical domains. However, an
alternative model is possible as suggested by the locations of the
conserved NPA sequences and computer analysis of CHIP28
structure [42] - the water pore may be lined by /3-sheet formed by
amino acids in HR2 and HR5 (Fig. 7C, right). High resolution
structural data will be needed to define the exact route for
movement of water through molecular water channels.
Preston et a! [57] have mapped CHIP28 topology in Xenopus
oocytes by inserting epitopes into full-length CHIP28 eDNA.
Several of these chimeric proteins were functional in water
transport. Of the functional chimeras, protease accessibility of
epitope tags expressed at the cell surface of intact oocytes
confirmed that peptide regions between HRs 1 & 2 and between
HRs 6 and 7 reside outside the cytosol. However, the peptide
region beyond HR4 was also extracytosolic in some chains (gly-
cosylated chains), contrasting with our study described above in
which the region following HR4 resided in the cytosol. Based on
these results, as well as protease accessibility of CHIP28 chimeras
in intracellular vesicles, Preston et al proposed that CHIP28
spanned the membrane 6 times (Fig. 7B, right).
The different topologies of CHIP28 at the ER vs. plasma
membrane contrasts with results obtained for MIWC [63], where
6-membrane spanning domains were identified both at the ER
and plasma membrane. The results obtained for CHIP28 raise the
possibility that CHIP28 structure at the ER might be modified by
subsequent steps of maturation, or that multiple isoforms are
synthesized, perhaps with selective stability or trafficking to the
plasma membrane. Further studies are required to investigate
these interesting observations.
Summary and perspective
Evidence has been presented that a series of selective water
transporting proteins are expressed widely in fluid-transporting
tissues in mammals. Structure-function studies of CHIP28 sug-
gested that water moves through narrow polar channels in indi-
vidual monomers which assemble in membranes as tetramers
(Fig. 7D, right). Efforts are being directed toward the identifica-
tion and characterization of new water channels, and the elucida-
tion of water channel structure at atomic resolution. From the
clinical perspective, it is likely that diseases caused by defects in
water channel structure or regulation will be identified, and that
water channel inhibitors will be developed for use as novel
"aquaretic" agents.
Reprint requests to AS. Verkman, M.D., Ph.D., 1246 Health Sciences East
Tower, Cardiovascular Research Institute, University of California, San
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